Vascular calcification (VC) is a pathological process characterized by abnormal deposition of calcium phosphate, hydroxyapatite and other mineral substances in the vascular wall. Hyperphosphorus is an important risk factor associated with VC in the general population and patients with chronic kidney disease (CKD). However, there is still a lack of early biomarkers for hyperphosphorus induced VC. We established a calcific rat aorta vascular smooth muscle cells (RASMCs) model by stimulating with b-glycerophosphate. Then we performed label-free quantitative proteomics combined with liquid chromatograph-mass spectrometer/mass spectrometer (LC-2D-MS/MS）analysis and bioinformatics analysis to find the potential biomarkers for VC. In the current study, we identified 113 significantly proteins. Fifty six of these proteins were significantly up-regulated and the other 57 proteins were significantly decreased in calcific RASMCs, compared to that of normal control cells (fold-change (fc)>1.2, p < .05). Bioinformatics analysis indicated that these significant proteins mainly involved in the placenta blood vessel development and liver regeneration. Their molecule function was cell adhesion molecule binding. Among them, Smarca4 is significantly up-regulated in calcific RASMCs with fc ¼ 2.72 and p ¼ .01. In addition, we also established VC rat model. Real-time quantitative PCR analysis confirmed that the expression of Smarca4 was significantly increased in the aorta of calcified rat. Consistent with the up-regulation of Smarca4, the expression of VC associated microRNA such as miR-133b and miR-155 was also increased. Consequently, our study demonstrates that Smarca4 is involved in hyperphosphorus-induced VC. This finding may contribute to the early diagnosis and prevention of VC.
Introduction
Vascular calcification (VC) is a common complication associated with chronic kidney disease (CKD), it is also the major cause of cardiovascular disease (CVD) in patients with ESRD [1] . VC is defined as the inappropriate and pathological deposition of mineral in the vascular tissues [2] . As an active cell-mediated pathology process, VC is associated with the process of vascular smooth muscle cells (VSMCs) differentiation into osteoblast-like cells, apoptosis of VSMCs, loss of calcification inhibitors, matrix vesicle release of VSMCs and extracellular matrix degradation [2] [3] [4] .
In addition, mineral and bone disorders are also closely related to VC in patients with CKD. Renal dysfunction in CKD patients will lead to hyperphosphatemia due to reduced phosphorus clearance [4] . The increase of serum phosphorus may cause secondary disorder of calcium and phosphorus metabolism, then result in an abnormality of mineral and bone metabolism. Hyperphosphatemia also can promote osteoblast-like phenotype transformation and apoptosis of VSMCs, these abnormal VSMCs can release matrix vesicles which is rich in calcium phosphate to further cause VC [5, 6] . A meta-analysis revealed that every 1.0 mg/dL of serum phosphorus was associated with 18% increase in the risk of death in patients with CKD [7] .
Therefore, control of blood phosphorus is necessary for CKD patients who have VC. At present, the control of hyperphosphatemia mainly includes the following methods: (i) limiting phosphorus absorption in diet, (ii) using phosphorus binder, and (iii) controlling hyperparathyroidism for patients with ESRD. It is also necessary to select appropriate dialysate and ensure adequate dialysis volume [8] . These treatments can improve VC, but the long-term effect has not yet been satisfactory. It is suggested that early diagnosis and prevention of VC should be carried out in CKD patients with high blood phosphorus. Although the risk of VC can predict by testing hydroxyapatite levels, some studies suggest that these biomarkers are not effective due to age and classical risk factors [9] . Therefore, there is still a lack of reliable biomarkers associated with early VC in hyperphosphorus state.
Proteomics is a scientific approach of analyzing and identifying large-scale proteins based on mass spectrometry (MS). Techniques for determining proteomics have chemical labeling methods, such as iTRAQ [10] , ICAT [11] , and mTRAQ [12] . However, there are some shortcomings of labeling quantification. For example, labeling reagents are expensive, the number of labeled samples is limited and low abundance peptides are difficult to detect. As an alternative method, label-free quantification (LFQ) can avoid such defects. Label-free quantification proteomics usually has a high analytical depth and dynamic range, giving this method an advantage when large global protein changes between different treatments [13] . In order to find novel potential biomarkers for early prevention and diagnosis of hyperphosphorus-induced VC, we used LFQ combined with LC-MS/MS to detect differential proteins between calcific rat aorta vascular smooth muscle cells (RASMCs) and normal RASMCs.
Materials and methods

Cell culture
Rat aortic vascular smooth muscle cells were obtained from ScienCell Research Laboratories (ScienCell, San Diego, CA). RASMCs were cultured in 250 mL Dulbecco's modified Eagle's medium (DMEM) containing 10% heatinactivated fetal bovine serum (FBS), 100 lg/mL streptomycin and 100 units/mL penicillin. Then cells stimulated for 72 h by 770 mg b-glycerophosphate, 11 mg L-ascorbic acid and 10 À8 M dexamethasone [14] . Cells without b-glycerophosphate were used as control. All cells were incubated at 37 C in an atmosphere of 5% CO 2 .
Establishment of vascular calcification animal model
Fourteen male wild-type Wistar rats aged 8-10 weeks, weighing 200-300 g, were randomly divided into two groups (n ¼ were intraperitoneally injected for 30 min before nicotine treatment and then gavaged the rats by 6.25 mg/ kg nicotine. Nicotine was administered twice in total, with an interval of 9 h. At the same time, rat model of ESRD VC was fed a 0.75% adenine diet, it can cause chronic renal failure in rats. At the 12th week, the rats were anesthetized with chloral hydrate to collect blood samples. After sacrificed rats, the aortic and renal tissue samples were collected. 
Protein sample preparation
LC-MS/MS analysis
For each sample, $2 mg peptides were separated and analyzed with a nano-UPLC (EASY-nLC1200) coupled to Q-Exactive mass spectrometry (Thermo Finnigan, Waltham, MA). Separation was performed using a reversed-phase column (100 mm, ID Â 15 cm, ReprosilPur 120C 18-AQ, 1.9 mm, Dr. Math). Mobile phases were H 2 O with 0.1% FA, 2% ACN (phase A) and 80% ACN, 0.1% FA (phase B). Separation of sample was executed with a 120 min gradient at 300 nL/min flow rate. Gradient B: 8-30% for 92 min, 30-40% for 20 min, 40-100% for 2 min, 100% for 2 min, 100-2% for 2 min and 2% for 2 min. Data dependent acquisition was performed in profile and positive mode with Orbitrap analyzer at a resolution of 70,000 (@200 m/z) and m/z range of 350-1600 for MS1; for MS2, the resolution was set to 17,500 with a dynamic first mass. The automatic gain control (AGC) target for MS1 was set to 3.0E þ 6 with max IT 50 ms, and 5.0E þ 4 for MS2 with max IT 100 ms. The top 20 most intense ions were fragmented by HCD.
MaxQuant database search
Raw MS files were processed with MaxQuant (Version 1.5.6.0). The protein sequence database (Uniprot_organism_2016_09) was downloaded from UNIPROT. This database and its reverse decoy were then searched against by MaxQuant software. The quantification type was LFQ with match between run and iBAQ; Trypsin was set as specific enzyme with up to three miss cleavage; oxidation [M] and acetyl [protein N-term] were considered as variable modification (max number of modifications per peptide is 3), carbamidomethyl [C] was set as fixed modification; Both peptide and protein FDR should be less than 0.01. Only unique and razor peptides were used for quantification. All the other parameters were reserved as default.
Bioinformatics analysis
Proteins significant in this two comparing groups are used to perform clustering analysis. The volcano plot combines a measure of statistical significance from a statistical test with the magnitude of the change, enabling quick visual identification of those data-points. The gene ontology (GO) functional was performed for the differential expression of proteins. Protein-protein interactions (PPIs) were evaluated by the Search Tool for the Retrieval of Interacting Genes (STRING) database.
Real-time quantitative PCR
We used two-step RT-PCR to identify the differential expression of Smarca4, miR-133b, miR-155, and calcific related gene SM22a, FGF23, OPN in normal rat aortic tissue and calcific rat aortic tissue. After sacrificed rats, the aortic and renal tissue samples were collected and total RNA was extracted by Trizol method. According to the manufacturer's instruction of TB Green qPCR, the final volume of RT reaction solution is up to 20 mL. Then, reverse transcription of RT reaction solution was carried out under the following conditions: 37 C, 15 min; 85 C, 5 s; 4 C. This reaction was completed through GeneAmp PCR System 9700. We used CFX96 Real-Time PCR Detection System to prepare PCR reaction solution. Added 5 mL cDNA to the PCR reaction solution to make the final volume up to 25 mL, cDNA had been diluted six times before added. The conditions of two-step PCR were as follows: one cycle of 30 s at 95. 
Statistical analysis
The SPSS (SPSS for Windows, version 13.0, SPSS Inc., Chicago, IL) was used for statistical analysis. Data were statistically analyzed by one-way ANOVA. Differences were expressed as means ± SD. Ã p < .05 and #p < .01 were regarded as indicating a significant difference.
Results
Identification of 113 significant proteins by LFQ analysis
There are 113 significant proteins identified from two groups ( Table 1 ). In calcific RASMCs group, 56 proteins were up-regulated and 57 proteins were down-regulated. Of these, 57 differentially expressed proteins were found according to the 1.2-fold changes (p < .05).
Significant proteins under hyperphosphorusinduced calcification
A total of 113 significant proteins were grouped in clusters analysis between normal RASMCs and calcific RASMCs. After hyperphosphorus-induced calcification, the low expression levels of 56 proteins under normal RASMCs were increased, whereas that of 57 proteins with high expression levels before were decreased ( Figure 1) . The results showed that the expression of proteins changed significantly after being induced by high phosphorus environment. We used this treatment to induce calcification of RASMCs successfully in vitro.
Changes of significant proteins by volcano blot
There are 56 proteins up-regulated by fold-change (fc)>1.2 (p < .05) and 57 proteins down-regulated by fc<-1.2 (p < .05) (Figure 2 ). The result is a direct indication of changed significant proteins. A dot is a protein. The table shows majority protein IDs, gene name, LFQ intensity, foldchange, and p value. Due to insufficient unique peptide, these proteins cannot be distinguished, so treated as a group, they are sorted by number of identified peptides in descending order. The 'Majority' means those proteins that have at least half of the peptides that the leading protein has. Label-free quantification (LFQ) results, corresponds to summed XIC of each sample; normalized by max LFQ algorithm, a global optimization procedure based on achieving the least overall proteome variation.
GO analysis of significant proteins
To get more insight on the biological significance of these significant proteins in calcific RASMCs, GO analysis was conducted on 113 significant proteins. Biological process analysis shows these significant proteins participate the placenta blood vessel development and liver regeneration. Molecule function is cell adhesion molecule binding (Figure 3(A) ). These proteins are involved in the development of placenta blood vessel, may also associate with the pathological process of VC after they increased in adult.
STRINGdb protein-protein interaction analysis
We used STRINGdb database to search for the identified proteins above thus to observe the interactions between proteins expressed with a significant difference. The red background shows up-regulated and green background shows down-regulated. The depth of colors indicates the degree of change (Figure 3(B) ). Smarca4 with red background and interacts with 5 proteins directly. It can promote venous specification by remodeling NR2F2 promoter in embryonic vascular development. This would be a potential regulatory mechanism in VC.
Establishment of ESRD vascular calcification rat model
ESRD VC rats showed renal hypertrophy, pale color and uneven surface (Figure 4(A) ). The urine protein, BUN and serum creatinine of the VC rats were significantly increased compared with the normal rats ( Figure  4(B-D) ). At last, Masson staining and von Kossa staining were conducted to evaluate renal calcification and VC. Calcium deposition in calcified rat is significant in both vascular and renal (Figure 4(E) ). Therefore, these results indicated that the ESRD VC rat model was successfully constructed.
Real-time PCR analysis
We analyzed the changes in the levels of mRNA expression of Smarca4, miR-155, miR-133b, and calcific related gene SM22a, FGF23, and OPN in rat aortic tissue by real-time PCR. The results showed the expression of SM22a, FGF23, and OPN mRNA increased in the calcific aortic tissue, compared with it in the normal aortic tissue ( Figure 5(A) ). And the mRNA expression of Smarca4, miR-155, and miR-133b showed the same changes, all of them are increased in calcific aortic tissue ( Figure 5(B) ).
Discussion
In this study, 113 significant proteins were identified between calcific and control RASMCs by label-free quantitative proteomics. Results of cluster analysis Comparison of urine protein between calcified rats and normal rats. The urine protein of the calcified group was significantly higher than that in the normal group. With the extension of modeling time, the change is more obvious. (C) Comparison of serum urea nitrogen between calcified rats and normal rats. The serum urea nitrogen concentration in the calcified group was significantly higher than that in the normal group, and the difference was statistically significant. (D) Comparison of serum creatinine between calcified rats and normal rats. The serum creatinine concentration in the calcified group was significantly higher than that in the normal group, and the difference was statistically significant. (E) The calcium deposition of renal and vascular. Masson staining showed a large amount of deposits in renal interstitial tissue calcified aorta (it indicates collagen hyperplasia). The von Kossa staining showed a large amount of black particle deposits in the renal interstitial tissue and calcified aorta (black deposits indicate calcium deposition).
showed the differential proteins. There were three samples in the normal RASMCs and calcific RASMCs respectively, which ensured the reliability of the experimental results. In the normal RASMCs, the protein expression in the three samples was the same before and after b-glycerophosphate treatment, as well as the calcific RASMCs. Among them, 56 proteins were up-regulated and 57 were down-regulated after b-glycerophosphate induced calcification. Of these, a total of 57 differentially expressed proteins were identified according to the fc > 1.2 (p < .05). In volcano plot, the proteins of fc > 1.2 were up-regulated, the proteins of fc<-1.2 were down-regulated, and the proteins below the line of p ¼ .05 were excluded. The fc value of the up-regulated proteins was around 2.0, only some of these proteins were marked in the volcano figure.
Bioinformatics analysis showed that these significant proteins were mainly involved in placenta blood vessel development and cell adhesion molecule binding. Curtis et al. identified that conditional deletion of Smarca4 had revealed its importance role in the embryonic vascular development [15] . They further revealed that in the course of embryonic vascular development, Smarca4 promoted venous specification by remodeling the COUP-TFII (chicken ovalbumin upstream promoter transcription factor 2, also known as NR2F2) promoter [16] . In addition, Smarca4 can also bind to cell adhesion molecules. For example, it interacted with and was recruited to the CAM promoters, its over-expression also promoted transactivation of adhesion molecules and leukocyte adhesion induced by inflammatory signals [17] . Based on the results of bioinformatics analysis, we chose Smarca4 for further validation.
Smarca4, also known as BRG1, is the core catalytic subunit of the SWI/SNF. It regulates the transcriptional activity of many genes by altering the chromatin structure, then regulates cell cycle, proliferation and differentiation [18] . Smarca4 can participate in VC by regulating proliferation, apoptosis and phenotypic transformation of VSMCs. Studies have found that the expression of Smarca4 in the aortic middle layer of patients with thoracic aortic aneurysm (TAA) is significantly increased, and in human aortic VSMCs cultured in vitro, overexpression of Smarca4 can promote apoptosis and inhibit proliferation of VSMCs [19] . Apoptotic VSMCs can release matrix vesicles, under CKD, these matrix vesicles form a micro-environment of alkaline calcium-phosphorus deposition, increasing hydroxyapatite deposition, and initiating VC. Therefore, the apoptosis of VSMCs induced by Smarca4 may be associated with VC. Furthermore, phenotypic conversion of VSMCs plays a very important role in VC. A research has found that troponin binds to the ATPase subunit of Smarca4 directly and activates VSMCs differentiation-associated genes during VSMCs differentiation [20] . These studies suggest that Smarca4 may be involved in VC, but the specific mechanisms have not been revealed. Thus, there are still many problems waiting to be explored.
At the same time, we found that Smarca4 can affect VC through miRNA. In a model of mice harboring smooth muscle-specific deletion of Smarca4, miR-133b is down-regulated [21] . In addition, the study of Cuadros et al. showed that the expression level of Smarca4 could negatively correlate with miR-155, at least in Burkitt's lymphoma and diffuse large B cell lymphoma (DLBCL) cell lines [22] . miR-155 is also expressed in activated B and T cells, monocytes, macrophages and ECs and SMCs [23] . And there are many evidence to demonstrate that microRNA plays an important role in hyperphosphorus-induced VC. In a uremia rat model fed with high phosphorus diet, the levels of miR-133b decreased. In vitro, similar expression can be found in hyperphosphorus cultured VSMCs [24] . Similarly, in animal model and cultured VSMC from CKD rats, the expression of miR-155 is decreased and negatively correlated with the quantity of calcification in the aorta [25] . According to these studies, we want to understand if there are some connections between Smarca4, miR-133b, and miR-155.
To validate the proteomics results and the relationship between Smarca4, miR-133b, and miR-155, we established ESRD VC rat model. There are three methods commonly used to establish ESRD VC animal models. For example, 5/6 nephrectomy rat model [26] , vitamin D3 combined nicotine (VDN) [27] , and adenine feeding rats [28] . We have improved our experimental approach on this basis. We used adenine combined with VDN to make rats exhibit ESRD VC while shortening the experiment time. High doses of vitamin D3 can increase the calcium content of arterial tissue, nicotine can enhance the role of vitamin D3. And a large number of adenines form 2,8-dihydroxyadenine under the action of xanthine oxidase, which is extremely insoluble in water. It eventually blocks the renal tubules and cause renal failure. Although this method can induce ESRD VC rat model, it is not suitable for the study of VC induced by calcium and phosphorus metabolism disorder in human ESRD. Our team is also exploring a more suitable ESRD VC animal models.
In order to prove that we successfully constructed a VC rat model in vivo, it is necessary to verify the expression of calcification-related indicators SM22a, FGF23, and OPN. RT-PCR analysis showed that the mRNA levels of above three indicators are increased in calcific aortic tissue. FGF23 is a phosphate hormone that regulates the homeostasis of phosphorus in vivo, it increases when the kidney function in CKD patients is not sufficient to compensate for high blood phosphorus [29, 30] . OPN is an osteochondral gene, it increases when VSMCs change contractile phenotype to osteoblast phenotype. RT-PCR analysis of increased expression of FGF23 and OPN in calcific aortic tissue is the same as other studies [31, 32] . While SM22a is a contractile phenotype marker of VSMCs, it should be down-regulated in calcific aortic tissue but our results showed opposite change.
We further amplify RT-PCR to determine whether the expression of Smarca4, miR-133b and miR-155 is changed in calcific aortic tissue. The results showed that the expression of Smarca4 was up-regulated in calcific aortic tissue, which was consistent with the LFQ proteomics analysis. However, the expression of miR133b and miR-155 was also increased in calcified aortic tissue, which was inconsistent with previous reports [24, 25] . But we can find that the variation of Smarca4, miR-133b, and miR-155 was consistent, indicating they may be synergistic in VC.
In conclusion, label-free quantitative proteomics identifies Smarca4 can be novel potential biomarkers in hyperphosphorus-induced VC. Smarca4 is mainly involved in placenta blood vessel development and cell adhesion molecule binding. It plays an important role in early vascular growth and differentiation. In adult, the abnormal expression of Smarca4 may increase the risk of VC in CKD patients with hyperphosphatemia. The pathology process maybe associated with microRNA. But the underline mechanisms of how Smarca4 interacts with microRNA like miR-133b and miR-155 are still unknown. Our study had some defects, we did not verify the interaction between Smarca4 and other proteins shown in STRINGdb. RT-PCR also only quantitatively analyzed the changes of Smarca4, miR-133b, and miR-155, did not reveal the mechanism between them. Thus, the results lack of further analysis of Smarca4 in calcific aortic tissue. More research is needed to support that Smarca4 regulates VC.
Consequently, our study provides a new insight into biomarkers of early diagnosis and prevention of hyperphosphorus-induced VC. In addition, the interaction of Smarca4 with microRNA maybe a potential target for VC.
